This paper describes experimental analyses using the SIMMER-III computer code, which is a two-dimensional multi-component multi-phase Eulerian fluid-dynamics code. Two topics of key phenomena in core disruptive accidents were presented in this paper: debris-bed coolability and metallic fuel freezing behavior. Related experimental database were reviewed to choose suitable experiments. To analyze the debris-bed coolability, the ACRR-D10 in-pile experiments were selected. SIMMER-III well simulated the heat transfer mechanisms including conduction, boiling and channeling observed in the experiment. Metallic fuel may freeze onto the stainless steel (cladding or wrapper tube) together with eutectic formation during core disruption in a metallic-fueled reactor. The CAFÉ-UT2 experiment carried out using pure UO 2 melt to investigate such phenomena was selected for the experimental analysis. In spite of no eutectic formation model in the SIMMER-III code, the calculated fuel penetration behavior was in good agreement with the experimental data.
Introduction
A simulation tool for core disruptive accidents (CDAs) in sodium-cooled fast reactors (SFRs) must solve complex phenomena: molten core material behavior, coolant boiling, failure of the structure, neutronics, etc. For this purpose, the SIMMER-III computer code has been developed to analyze the event progression of CDAs in Japan Atomic Energy Agency (JAEA).
(1) SIMMER-III is a two-dimensional multi-component multi-phase
Eulerian fluid-dynamics code, coupled with fuel pin model and neutronics model. (2) A comprehensive and systematic assessment (verification and validation) program of the SIMMER-III code has been conducted in two steps: Phase 1 for fundamental assessment of individual code models, (3) and Phase 2 for integral code assessment. (4) The Phase-1 assessment has applied the code to single-and multi-phase flow benchmark problems, small-scale experiments with reactor and simulant materials, and physical problems with known solutions; while the Phase-2 assessment has involved applications of the code to integral and complex multiphase situations relevant to accident analysis. Areas of interests in the latter assessment program were boiling pool dynamics, fuel relocation and freezing, (5) fuel-coolant interaction, (6) core expansion dynamics and disrupted core neutronics.
Especially through sodium experimental calculations, it was demonstrated that SIMMER-III was well validated for simulating transient multi-phase phenomena occurring during CDAs. (7) In parallel to the code assessment efforts, a three-dimensional SIMMER-IV code was developed with retaining exactly the same framework in physical models as SIMMER-III. (8) Reactor application studies were also carried out using SIMMER-III/IV. (9) (10) Through these studies, the code was shown reliable and robust.
In general, Eulerian computer codes like SIMMER-III require flow regime map and experimental correlations, which were mostly established in two-phase flow experiments under a well-posed geometry condition. In applying the correlations to reactor calculations, the computer code must be validated for individual phenomena using experimental data close to the reactor condition. The CDA simulation, however, requires applicability to complicated geometry that fuel cladding and assembly walls are melted. Therefore, a more detailed simulation tool is necessary to understand fundamental processes occurring in CDAs, where the experimental correlation would be beyond its applicability. A new computer code named COMPASS is developed based on a new simulation technology: moving particle semi-implicit (MPS) method, which analyzes continuum by particles without computational mesh. (11) To develop the COMPASS code, the code validation should be performed through experimental analyses related to key phenomena in CDAs. (12) The MPS-based code, however, requires much computational resources to calculate large-scale experiments involving complex phenomena. To solve this limitation, SIMMER-III provides boundary conditions of calculating areas that can be addressed by COMPASS. The coupling between SIMMER-III and COMPASS was successfully implemented in the simulation of a duct-wall failure behavior. (13) Prior to the provision of boundary conditions, the validation of SIMMER-III is necessary. The comprehensive code assessment study previously mentioned emphasized on the transient multi-phase flow in the transition phase of CDAs. Extensive code validation study was also devoted to similar CDA phenomena in oxide-fuelled SFRs.
(14)(15) Therefore, debris-bed coolability that was of great importance in the long-term heat removal phase was out of the scope in the assessment program. Metallic fuel core disruption has also never been covered for the code validation. The metallic fuel freezing behavior, knowledge of which is very limited, is important for predicting fuel relocation that can significantly produce reactivity change. Since the melting point of metallic fuel is considerably less than that of oxide fuel, the freezing behavior must be different between them. This paper addresses debris-bed coolability and metallic fuel freezing behavior of key phenomena in CDAs. The objective of this study is to give reasonable simulation results of representative experiments using SIMMER-III for its code validation. In this paper, the experimental database on these topics is also reviewed to select appropriate experiments, followed by the presentation of experimental analyses using the SIMMER-III code.
Experimental Database

Debris-Bed Coolability
In the last stage of a CDA, long-term in-vessel retention of disrupted core materials with a coolable geometry is quite important in the safety evaluation, because relocated fuel continues generating heat due to the decay heat in the debris-bed state. Debris-bed coolability researches mainly focused on suggesting a coolable criterion that nearly corresponded to dryout heat flux. The dryout heat flux greatly depends on debris diameter, heterogeneity of debris diameter, porosity, bed thickness, cooling mode, and so on. Enormous experimental and analytical efforts have been devoted to the clarification of debris-bed cooling mechanism during 1970 to 1985.
Out-of-pile experiments and modeling of dryout in particle beds were summarized by Lipinski. (16) Enormous basic dryout experiments were carried out using water, (17) Freon-113 (18) and so on by many researchers. Gabor et al. obtained experimental data of UO 2 -sodium beds (19) and steel-sodium beds. (20) They also observed the formation of channel using UO 2 -water beds. (19) A series of in-pile experiments was carried out under the sponsorship of the U.S. Nuclear Regulatory Commission, the Joint Research Centre of the European Communities, and the Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC; currently JAEA). (21) This experimental program consisted of 12 experiments conducted using the Annular Core Research Reactor (ACRR) in the U.S. Sandia National Laboratory (SNL) during 1977 to 1985. This was the first coolability experiments to be performed using internally heated uranium in sodium. To widely cover accident conditions, experimental parameters were bed diameter and height, sodium subcooling, particle size and stratification. The first experiments (D1 to D9) were insulated on the sides and bottom to allow us a one-dimensional heat transfer analysis with well-defined adiabatic boundary conditions. The latter experiments (D10 (22) and D13 (23) ) were bottom cooled to simulate cooling that might be provided by structures such as internal core catchers. Dry capsule experiments D8 and D12 investigated heat transfer in dry debris region including the melt of fuel and cladding, which simulated the dry zone in a sodium-cooled bed. The D10 and D13 experiments are close to the reactor condition if a core catcher is adopted in the reactor vessel. Particle stratification may occur in an accident, under which condition the particles gravitationally settle in a sodium pool with a configuration of small and large particles in upper-side and lower-side bed, respectively. The effect of stratification on coolability was investigated in the D13 experiment. Many dryout models were proposed representatively by Hardee and Nilson (24) and
Ostensen and Lipinski (25) . Finally, based on the all experimental data, Lipinski established a theoretical model to predict the debris-bed coolability. (16) Under a high heat flux condition, a flat debris bed could be formed due to movement of particles jumped up by vapor in a sodium-boiling bed. Such a phenomenon is called "self-leveling". The ACRR-D13 experiment showed the self-leveling characterized by significant time-dependent behavior, which was beyond the applicability of one-dimensional steady-state models such as the Lipinski model. The experimental efforts are very limited although the importance of self-leveling is greatly high in terms of the heat-removal capability of debris bed. Gabor et al. experimentally validated the existence of self-leveling behavior by volume-heating of a particulate UO 2 and salt water composed bed. (19) Alvarez and Amblard investigated the self-leveling behavior using copper-water beds. They concluded that boiling even with small power promoted leveling. (26) Recently, basic self-leveling experiments were conducted using various particles in Kyushu Univ. A first series of experiments simulated boiling in the bed by depressurization of water, (27) and then a self-leveling occurrence criterion was proposed based on a force balance for a single spherical particle.
(28) (29) The experiment to be calculated in this paper should be close to heat generation condition in SFRs, so the in-pile experiment directly heating debris bed is appropriate. An in-vessel core catcher is one of effective components that cool the debris bed in the heat removal phase in SFRs. (30) The D10 and D13 experiments under the bottom cooling condition are suitable for the experimental analyses in this study. In reactor safety analyses, dynamic behavior is important to simulate transient multi-phase flow involving vapor channel penetration (called channeling) and self-leveling. The channeling occurrence was hypothesized from the D10 experimental data although no self-leveling happened. A basic validation of coolability analyses using SIMMER-III should be performed as a start point, so we calculated the ACRR-D10 experiment using a simple debris-bed geometry without stratification.
Metallic Fuel Freezing Behavior
Metallic fuel has been regarded one of the advanced fast reactor fuels because of its high burnup capability and favorable thermal response. One of safety issues is eutectic formation occurring at a fuel-cladding interface at a high temperature. The metallic fuel behavior encompassing fuel-cladding interaction was summarized by Hofman et al. (31) A series of safety experiments were conducted using the TREAT in-pile experimental facility in Argonne National Laboratory (ANL; presently Idaho National Laboratory (INL)). (32) The M-series experiments performed under transient overpower conditions in this reactor observed fuel pin disruption behavior including axial fuel elongation due to swelling, eutectic formation, cladding failure, and rapid fuel dispersal behaviors. Based on these experimental data, the eutectic penetration rate was modeled, indicating significant rapid penetration between 1353K and 1506K. (32) Extended experimental data were obtained using the whole pin furnace testing facility. (33) Since the melting point of metallic fuel is approximately 1000K to 1500K, which depends on U-Pu-Fe composition, a coexistent behavior of eutectic formation and fuel freezing on cladding or wrapper can wall could take place after the fuel disruption in CDAs. Such a behavior might govern the event progression in metallic fuel cores.
To investigate fundamental processes of molten metallic fuel flow on the structure, the core alloy flow and erosion (CAFÉ) experiments were carried out in the collaborative study of JAEA and ANL.
(34) (35) The experiments measured the fundamental flow, metallurgical interaction, and freezing behavior of uranium-iron-type melts within iron-based trough-shaped flow channel. The experimental data are intended to provide information that can support the development of physical model describing the movements of molten core materials during CDAs. Of six experiments conducted to date, pure uranium was used for four experiments (UT1 to UT4) and U-Fe alloy for two experiments (E1T1 to E1T2). Metallographic examination was carried out for the UT3, UT4, E1T1 and E1T2 experiments, which revealed significant eutectic formation of the iron trough. (35) The initial temperatures at the top of the trough in the UT1 and UT2 experiments (80 to 90 o C) were much lower than those of other experiments (400 to 600 o C). Rapid freezing in the trough and no penetration into a catch cup placed at the end of the tough were observed in the UT1 experiment. Judging from the experimental conditions and visualization results, no significant eutectic formation is expected in the UT1 and UT2 experiments without metallographic examination. These experiments are suitable for a first-step experimental analysis because no eutectic formation model is currently incorporated into SIMMER-III. The trough angle is 30 o in all experiments except for the UT1 experiment, so the UT2 experiment is suitable for this study considering a second-step analysis in the future.
Experimental Analyses Using SIMMER-III
ACRR-D10 Experiment 3.1.1 Experiment Overview and Analytical Conditions
The ACRR-D10 experiment was carried out using a test capsule located into the central cavity in the ACRR in 1984. The experimental conditions are summarized in Table 1 . This capsule included thermocouple, ultrasonic thermometer, pressure transducer instrumentation, and provided cooling at the top and bottom of the debris bed. Instrumentation locations are illustrated in Fig. 1 . In the conduction phase, the initial coolant temperature was 350 o C and cover-gas pressure was 0.083MPa. The detail information can be obtained from the experiment report. (22) In this experiment, the operating procedures included conduction/convection investigations, two-phase heat removal and dryout, channel penetration, and channeled dryout investigations, all at various rates of downward heat removal. A dry zone was finally to be established and the power increased until a maximum temperature of 2500 o C was achieved. Log normal distribution range of debris particles diameter 0.04 to 4 mm Average diameter of debris particles 0.173 mm
In the analysis, a two-dimensional cylindrical geometry with radial 16 and axial 50 meshes was used for the capsule of 300mm high. 30 meshes were axially allocated for the debris bed. The analytical conditions were specified in accordance with the experimental results on mass and volume of fuel debris and sodium, etc. The power profile obtained by neutronics calculation described in the experiment report (22) was applied to this analysis. To simulate the heat removal at the top and bottom of the bed in the experiment, a constant heat removal model at the corresponding boundaries was incorporated into the analysis for its simplification. The heat flux necessary for the heat removal was determined through parametric calculations in some cases because of no description in the experiment report.
Heat Conduction Phase Analysis
Before a transient analysis, we calculated a steady-state temperature distribution in the bed. For 0.16W/g of heat generation, the removed heat fluxes of 50kW/m 2 and 24kW/m 2 were imposed at the bottom and the top side, respectively. Then, the transient calculation with 0.53W/g of heat generation was carried out using 80kW/m 2 of bottom cooling (22) and 40kW/m 2 , which was obtained to well simulate the temperature distribution in the bed through the parametric calculations. Figure 2 shows the comparison of temperature histories between the calculation and thermocouple measurements. In this figure, the experiment time 7:15 corresponds to 0s in the calculation. The slow increase behavior of temperatures can be seen after the transition from 0.16W/g to 0.53W/g. The calculated history shows excellent agreement with the measured data. Figure 3 compares axial temperature distributions between the calculation and measured results by the thermocouples at the experiment times 7:17 and 7:20, which correspond in the calculation to 120s and 300s, respectively. SIMMER-III well reproduced the experimental data. Liquid sodium contours with velocity vectors are shown in Fig. 4 . Sodium was heated from the outer side because of the power profile, and then a radially uniform temperature distribution was formed after the reduction of power. The sodium temperature is close to the debris temperature because of good thermal conductivity of sodium. Sodium convection appears in the upper sodium, while no convection can be observed in the bed that has a large flow resistance. 
Boiling Phase Analysis
For debris bed with 0.32W/g of heat generation, 110kW/m 2 and 46kW/m 2 of removed heat fluxes were determined through the parametric calculations at the bottom and the top side, respectively. In SIMMER-III, the inter-cell heat transfer model plays an important role in simulating heat transfer mechanisms including boiling in the debris bed. The original model calculates liquid-liquid heat transfer at interfaces between continuous phases of identical components. When a gas-liquid interface of boiling region exists in a computational cell, a discontinuous-phase cell lies adjacent to a continuous-phase cell. At that interface, the model recognizes adiabatic between the boiling and the continuous liquid. To avoid such an unphysical behavior, we modified the contact area between liquids in the inter-cell heat transfer model.
The debris diameter was from 0.04 to 4 mm in log-normal distribution in the experiment, whereas it was assumed uniform in this calculation. This brings the difference of debris surface area, namely the surface area of debris in the experiment that used a number of small particles could be larger than that in the calculation. To take the difference into account, a factor was introduced to the momentum exchange function between sodium vapor and debris. The factor was chosen 200 in the calculation by trial and error. Calculated temperature histories were compared to thermocouple data in Fig. 5 . In this figure, the experiment time 17:50 corresponds to 0s in the calculation. In the experiment, a steady state was probably not reached judging from gradual increase of thermocouple data. The temperatures were slightly increased after the transition from 0.32W/g to 0.34W/g. The power difference was very small in this case. Small temperature fluctuations can be seen at thermocouples B4 and B5. These were placed in axially central region, where hot sodium was present before boiling. Figure 6 shows axial temperature distributions at 17:50 and 18:02, which correspond in the calculation to 0s and 720s, respectively. The calculated temperatures are in good agreement with the experimental results. Koyama et al. also calculated the D10 experiment using the DEBNET code. (36) This was based on a flow-network code coupled with one-dimensional debris-bed heat transfer model proposed by Lipinski. (16) During the conduction and boiling phases, the DEBNET code could simulate the axial temperature profiles. The timing of dryout in the calculation, however, was earlier than that in the experiment. The SIMMER-III simulation gave the equivalent result to the Lipinski-model-based simple code. Figure 7 depicts the volume fractions of materials to represent the boiling behavior in the SIMMER-III simulation. The boiling started at the outer region due to the power profile, and then extended to the center of the debris bed. A sodium vapor was condensed by sub-cooled sodium in the upper part of the bed. Finally, the stable boiling region was formed at axially center region. Figure 8 shows liquid sodium contours with velocity vectors. A downward flow pattern is observed near the side in the upper sodium plenum because of the cooling at the top side. The sodium flow is nearly stagnant in the debris bed.
An additional analysis was also conducted with no factor for the momentum coupling. The temperature histories in no factor case were similar to the present analytical results with the factor of 200 except for thermocouple B6. In no factor case, rapid temperature rise was observed after around 400s at the B6 location, positioned slightly higher than the central boiling region. This was because the boiling region was axially expanded due to the underestimation of the vapor momentum coupling in no factor case. Mechanistic model development is desirable for the improvement of the momentum coupling between three phases (solid/liquid/gas).
Channeling Phase Analysis
For debris bed with 0.42W/g of heat generation, the parametric calculations provided 100kW/m 2 and 70kW/m 2 of heat fluxes removed at the bottom and the top side, respectively. When the debris power increases, a vapor channel is formed at the top of the debris, where the particles have been pushed aside by the sodium vapor pressure. Such channels greatly aid in vapor transport, allowing effective heat removal. Eulerian codes like SIMMER-III cannot simulate narrow channels that sodium vapor can climb out of because such channels are smeared in a computational cell in the code framework. Here, vapor transport was considered only at the second radial cell column (I=2) for simplification in the analysis to simulate the channeled penetration. For this treatment, 0.1 of factor was applied to the momentum exchange function between debris and sodium vapor at I=2 by trial and error.
The comparison of temperature histories between the calculation and experiment is presented in Fig. 9 . In this figure, the experiment time 23:35 corresponds to 0s in the calculation. The temperatures steeply increased from 0.42W/g to 1.06W/g, and then nearly stabilized. The calculated temperature increase behavior well agrees with the thermocouple data. Figure 10 shows axial temperature distributions at 23:36 and 23:37, which correspond in the calculation to 60s and 120s, respectively. The calculated temperatures are in good agreement with the experimental results. In the experiment, the temperature decrease behavior can be seen at about 130s in the B9 and B10, the elevations of which were 140mm and 150mm, respectively. Since this position was close to the top of the bed, cold sodium convected in the plenum was probably penetrated along the side surface in the vapor channel in the counterflow configuration. Such a flow pattern cannot be simulated in the calculation because of the limitation of Eulerian code.
To represent the channeling behavior in the SIMMER-III simulation, Figures 11 and 12 show the volume fractions of materials and liquid sodium contours with velocity vectors, respectively. The boiling started at the outer region due to the power profile, and then extended to the center of the debris bed. The stable boiling region can be seen at axially center region. Through the channel given in this analysis, the sodium vapor moved upward and was condensed in the upper part of the bed.
A supplement analysis was added to investigate the influence of the factor at I=2, intended to simulate the channeling behavior. The temperature histories in no factor case were similar to the present analytical results with the factor of 0.1 except for thermocouple B7 and B8. At these locations, temperature increase was accelerated after around 110s in no factor case. No channeling allowed expanding the boiling region, where sodium vapor was confined. Through the D10 experimental analysis, the SIMMER-III code with the model modification could simulate the entire event progression on debris-bed coolability. The calculation results will be provided to the boundary condition for the COMPASS code simulation. Although the simulation of the channeling behavior in the bed is difficult in the framework of Eulerian computer code like SIMMER-III, the COMPASS code is expected to realize such a simulation. The model development is desirable for the SIMMER-III as well as the phenomenon should be clarified by the COMPASS code.
CAFÉ-UT2 Experiment 3.2.1 Experiment Overview and Analytical Conditions
The CAFÉ-UT2 experiment was performed using molten uranium in ANL in 2006. The experimental conditions are listed in Table 2 . The experimental apparatus consists principally of the melt flow system (comprising the crucible, flow controller cup, trough-shaped flow channel, and catch cup), induction heating system, melt containment system, confinement and ventilation system, instrumentation and control system. Although freezing experiment in a tube is favorable for the experimental analysis, the current CAFÉ experiments used the trough for visualization. Melt produced in crucible by induction heating was received at a flow controller cup so as to prevent splashing of the melt as the melt drops into the trough. Then, melt flowed down within approximately 660mm long trough inclined at 30 deg. and some of the melts was accommodated by the catch cup located below the bottom of the trough. Most of the melts froze along the length of the trough. From a video observation, it took approximately 5s for the melt discharge from the crucible into the flow channel. Since the total amount of melt was 1.56kg, the mass flow rate of the melts was easily estimated about 0.3kg/s.
In the calculation, the three-dimensional SIMMER-IV code was employed to simulate the melt flow in the trough. Since the gravity direction can flexibly changed in the SIMMER-IV code, the inclined angle of the trough was set 30 deg. as in the experiment. The inner angle of the V-shape trough was 46 deg. in the experiment, while it was 90 deg. in the calculation because of the limitation of mesh geometry of the code. For this angular difference, the same cross-sectional area as the experiment was imposed in the calculation. Two analytical geometries, simple and detail, were used in this study, as drawn in Figs. 13 and 14. In the calculation, the melt at 1650K was injected into the trough with constant velocity of 0.3kg/s. The initial trough condition was set 60 o C at 0.1MPa. In calculating the freezing behavior, the particle viscosity model is important in the SIMMER-IV code. This model, however, originally adapts to the freezing in a tube, for which particle flow can be prevented above a maximum packing fraction. This model thus was not applied to the simple geometry calculation. In contrast, the model was used in the detail geometry calculation, in which the melt can flow on the frozen fuel.
In preliminary calculations with the simple geometry, rapid fuel particle formation took place because of the high thermal conductivity of metallic fuel. To simulate lava-like freezing just on the trough wall, the minimum liquid film thickness was specified 5mm (from 0.5mm of default value) based on the visual observation. The momentum coupling between fuel particle and structure was set large instead of no use of the particle viscosity model in the simple calculation. Furthermore, the heat transfer coefficient between fuel particle and structure was increased to simulate the heat transfer from the melt to the wall because little heat transfer between fuel particle and structure was originally treated because of little contact area between them in SIMMER-IV.
In preliminary calculations with the detail geometry, the inter-cell heat transfer is important between liquid fuel and solidified fuel on the wall. In the original SIMMER-III code, only liquid-liquid heat transfer can be treated at interfaces between identical components. To simulate the melt flow on the frozen fuel, we introduced the inter-cell heat transfer model between liquid and particle in the present study.
Simple Geometry Analysis
Calculated melt penetration behavior with the volume fraction distributions is presented in Fig. 15 , in which the location of thermocouples is also plotted. Frozen fuel can be observed in the leading edge region of melt as a result of heat transfer from the melt to the wall. Fig. 15 . Melt penetration behavior calculated in the simple geometry in the CAFÉ-UT2 experiment Figure 16 compares the melt leading-edge penetration between the calculation and the measured data, which correspond to the start time of the thermocouple response. The calculated melt penetration is faster than the experimental one at the early stage, while good agreement between the calculation and the experiment is acknowledged. In the experiment, the melt was fallen for the injection into the trough, which probably resulted in slow injection rate at the early stage. Given the difference of the melt injection between the experiment and the calculation, the SIMMER-IV code with the simple geometry well simulated the melt penetration behavior.
The temperatures at the back surface of the trough between the calculation and experiment are compared in Fig. 17 . Looking at the thermocouples TC4 and TC6, the temperature rise at the initial stage was earlier in the calculation. This seems because the initial melt flow was different. In the experiment, early temperature rise was obtained at TC8, which was located in the downstream from TC6. The temperature rise at TC12 was earlier that at TC10 in the calculation, although such a behavior was not seen in the experiment. This is because the solidified fuel temporally stayed at TC12, where the heat transfer from the fuel was significantly enhanced. This calculation suggests that the similar behavior happened at TC6 and TC8 in the experiment. 
Detailed Geometry Analysis
Calculated volume fraction distributions are shown in Fig. 18 . In this figure, the total volume fraction of melt existing in several computational meshes normal to the trough surface is plotted for comprehensible representation. By using the detail geometry, the fuel flow on the frozen fuel was well simulated. The fuel was finally relocated with 280g at the trough, 705g at the catch cup and 578g at the outside in the experiment. The calculated mass was 281g, 906g and 341g, respectively. The relocated fuel masses calculated with the detail geometry are in good agreement with the experiment.
The melt leading-edge penetration behavior is presented in Fig. 19 . The penetration behavior was well reproduced in the calculation. In the calculation, the fuel penetration was accelerated at about 0.6s, similar to the experiment. This is because the fuel flowed with less significant heat loss to the wall at TC6, in which relatively a large amount of solid fuel was accumulated. Fig. 18 . Melt penetration behavior calculated in the detail geometry in the CAFÉ-UT2 experiment Fig. 19 . Comparison of melt leading-edge penetration between the detail geometry calculation and the measured data in the CAFÉ-UT2 experiment Figure 20 shows the trough temperatures. In the calculation, the temperature rise appeared at the early stage was attenuated at the late stage. This is because the inter-cell heat transfer model simply modified is insufficient for this behavior, in which the heat transfer between the fuel in a computational mesh contacting the wall and the fuel above its computational mesh.
The SIMMER-IV code with the model modification could reasonably simulate the freezing behavior of metallic fuel in spite of the limitation of the code framework for the simulation of the freezing phenomenon on the trough. To apply the SIMMER-III/IV code to the other CAFÉ experiments that observed the eutectic formation, it is expected to develop the eutectic formation model. 
Conclusion
Following the review of experimental database to select the appropriate experiments, the experimental analyses were carried out using the SIMMER-III/IV code. In the topic of the debris-bed coolability, the SIMMER-III well simulated the ACRR-D10 experiment, where the heat conduction, boiling and channeling phases were achieved. Since the present SIMMER-III simulation used appropriated factors, further validation efforts are necessary for the three-phase momentum coupling model. Although the simulation of the channeling behavior in the bed is difficult in the framework of Eulerian computer code like SIMMER-III, the COMPASS code is expected for such a simulation. In terms of the metallic fuel freezing behavior, SIMMER-IV well reproduced the melt freezing behavior observed in the CAFÉ-UT2 experiment. The eutectic formation model development is desirable for the SIMMER-III/IV.
